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We experimentally demonstrate coherent amplification of probe field in a tripod-type atoms
driven by strong coupling, signal and weak probe fields. We suppress linear and nonlin-
ear atomic absorptions for resonant and near resonant probe via double electromagnetically
induced transparency (DEIT). Combining these advantages of suppressed absorption along
with temperature- or atomic-density-controlled transfer of population(ToP) between hyper-
fine ground states, we can induce near-resonant amplification of probe through stimulated
Raman scattering(SRS) pumped by low-intensity signal field. The increased population dif-
ference of initial and final states of SRS due to increased ToP rate, together with reduced
absorption at the second EIT window in an optically thick Cesium vapor, gives rise to highly
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effective coherent amplification.
Introduction
Electromagnetically induced transparency (EIT), which arises from destructive quantum interfer-
ence between different transitions in a multi-level atom, can exhibit total transparency even in the
weak driving-field limit 1, 2. Exploiting EIT quantum interference leads to applications such as
enhancing various linear and nonlinear optical processes 1, 3–5 including optical amplification 6–8,
which is crucial not only for implementing quantum devices of all-optical switch, diode and transis-
tors in optical network 9–15, but also for investigating quantum resources with the exact frequency
matched to the atomic resonant transition for long-term quantum communication 16, 17. In order to
build integrated optical components of networks, e.g. a qubit amplifier based quantum repeater 18
and EIT-based amplification in a waveguide 19, it is necessary to create the optical amplifiers oper-
ating in low noise, ultracompact and high efficiency 19, 20.
Amplification arises mainly via two mechanism: (i) suppressing resonant absorption via EIT
while simultaneously incoherent pumping of atoms to the upper level without population inver-
sion 7, 21–23; (ii) exploiting nonlinear processes such as frequency wave mixing 9, 24–26 or stimulated
Raman scattering (SRS) 27–32. The inversionless amplification with EIT-like spectral width showed
the consistent evidence of coherent and resonant amplification 33, 34, however this mechanism
was not efficient enough to produce high gain. Nonlinear amplification circumvents absorption-
suppression and even allows the upper level to be unpopulated, but requires instead phase matching
or a strong pump. Though EIT was introduced in nonlinear schemes, the optimal high gain was
still obtained with high pump detuning, which is comparable to the Doppler width of atomic tran-
sition to avoid the atomic absorption. Furthermore, the amplification was also proposed in double
EIT(DEIT) system (induced by RF field coherent perturbation of single EIT) with the aid of inco-
herent pumping atoms to perturbation level 35, and the nonlinearity was demonstrated in this DEIT
system via off-resonant RF field perturbation 36. We combine both types of amplification in tri-
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pod DEIT atomic system in high density cesium vapor, which enhances the efficiency and allows
the amplifier to have near-resonant high gain with low pump power. Specifically we demonstrate
strong coherent amplification at one of DEIT. The DEITs reduce not only both resonant and near-
resonant absorptions, but also enhance the single effect of both of two EIT windows. As a result,
the amplification of near resonant probe due to SRS is obtained, while the gain is highly enhanced
via using high density atoms for increasing pumping rate of SRS. This tripod multilevel system
coupling with multiple fields enables the coexistence of controllable DEIT or multiple EIT and
double-DEIT windows for enhancing higher-order nonlinearity 37 or controlling group velocity 38,
and possible amplification 39.
Using the second EIT window where the probe-field detuning equals signal-field detuning
but differs from coupling-field detuning is advantageous. Through this window, we are able to
attain highly reduced absorption due to enhanced EIT for resonant and near resonant probe, and
thus achieve near-resonant amplification pumped by signal field through two-photon-resonant SRS
process, in which the Raman gain is proportional to the pump intensity of signal and population
difference of initial and final states of Raman transition 40. Here in our system, strong near-resonant
amplification with low-intensity pump is possible because of the ability to populate the initial
state of Raman transition within the ground-level hyperfine manifold by our new mechanism we
call transfer of population (ToP), which is mediated by spin-exchange collisions. In our case,
amplification depends not only on strong ground-state coherence between hyperfine levels as well
as Zeeman sublevels but also on the atomic density. Thus our high-gain amplification can be easily
controlled via interacting fields and atomic temperature.
Results
Theory The tripod-type field-atom system is illustrated in the simplified energy level diagram
of Fig. 1(a). It consists of an excited (62P1/2, Fe = 4) and two ground hyperfine states (6
2S1/2,
Fg = 3, Fg = 4) of the
133Cs D1 line with F the total angular momentum. The atom is driven by
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strong coupling and signal fields at frequencies ωc and ωs on the pi-transition of Fg = 3↔ Fe = 4
and Fg = 4 ↔ Fe = 4, respectively, while being probed by a weak field at ωp on the σ-transition
of Fg = 4 ↔ Fe = 4. The signal field acts as a pump to excite a Raman transition between
the Zeeman ground states|b1〉 and |b0〉, generating Raman-shifted (anti-Stokes) radiation at the
frequency of the probe field ωp = ωs + ωb1b0
41, ~ωb1b0 is the energy of the Raman transition.
A. The population distribution in Zeeman sublevels. For such polarized-field-driven atoms,
we consider the atomic structure with Zeeman sublevels denoted by |ci〉, |ai〉, and |bi〉 (i =
−mF , · · · , mF withmF the projection of F along the quantization axis), as shown in Figs. 1(c,d).
The strong coupling and signal fields are interacting with atoms on the pi-transition of |ci〉 ↔ |ai〉
and |ci〉 ↔ |bi〉 with detuning δc = ωc − ωciai and δs = ωs − ωcibi (ωciai and ωcibi are the transition
frequencies from |ci〉 to |ai〉 and |bi〉) respectively. A weak field is applied to probe the σ-transitions
of |ci〉 ↔ |bi±1〉 with detuning δp = ωp − ωcibi±1 . Comparing with the strong coupling and signal
pumping effects, we neglect the weak optical pumping effect of probe in this calculation for atomic
population. The optical Bloch equations of the system are as follows 42
ρ˙cici = i (ρcibiΩbici − Ωcibiρbici + ρciaiΩaici − Ωciaiρaici)− Γciρcici,
ρ˙aiai = i (ρaiciΩciai − Ωaiciρciai)− Γaiρaiai + (ρ˙aiai)SE + γ′ba
∑
bj
ρbjbj + γ
′
aa
∑
aj ,j 6=i
ρajaj ,
ρ˙bibi = i (ρbiciΩcibi − Ωbiciρcibi)− Γbiρbibi + (ρ˙bibi)SE + γ′ab
∑
aj
ρajaj + γ
′
bb
∑
bj ,j 6=i
ρbjbj ,
ρ˙aici = iΩaici (ρaiai − ρcici)− (iδc + γciai) ρaici,
ρ˙bici = iΩbici (ρbibi − ρcici)− (iδs + γcibi) ρbici. (1)
Where, Γki is the decay rate for level |ki〉, Γci = 4.6MHz for Cs D1 line. γkilj =
(
Γki + Γlj
)
/2 is
the decoherence decay rate between levels |ki〉 and |lj〉 with k, l ∈ {a, b, c}. Ωciaj = −µciajEc/2~.
(Ωcibj = −µcibjEs/2~) is the effective Rabi frequencies for different Zeeman transitions |ci〉 ↔
|bj〉 (|aj〉) due to different Clebsch-Gordan coefficients 43.
It is noted that the ToP rate γ′ab (γ
′
ba = 9/7γ
′
ab
44) between hyperfine ground levels of |a〉
4
and |b〉) in high density atoms is specifically concerned with the value of γ′ab = κN with κ ≈
6 × 10−10 cm3 s−1 45, 46. γ′ab is dominated by spin-exchange collisions between atoms, and hence
depends linearly on the atomic density N .
On the contrary, however, the collisional decay rates γ′aa (γ
′
bb) between Zeeman sublevels are
assumed to be small and constant as these rates are nearly independent of the atomic density 46.
Neglecting collisional dephasing, we have Γai = 9γ
′
ab + 6γ
′
aa, Γbi = 7γ
′
ba + 8γ
′
bb.
Solving Eq. (1), we obtain the fractions of population in each Zeeman sublevel states, shown
in Fig. 1(b), also shown by the numbers in Figs. 1(c,d). It is obviously seen that Population dis-
tribution can be modified by high ToP rate γ′ab. For small ToP rate γ
′
ab=20 Hz with atomic density
N = 5 × 1010 cm−3 in Fig. 1(c), the whole population is in |bi〉, especially in |b0〉. However, a
higher ToP rate 300 Hz employed for a higher density N = 5 × 1011 cm−3 in Fig. 1(d) transfers
population between |bi〉 and |aj〉, giving rise to the decrease of population in |b0〉, while the increase
of that in other states , especially in |b1〉 (50 times the |c1〉 population). See also the Fig. 1(b) and
its inset, the giant decrease of ρb0b0 and increase of ρb1b1 occurs when γ
′
ab varies from 20 Hz to
600 Hz with corresponding atomic densityN = 5× 1010 ∼ 1× 1012cm−3 for atomic temperature
25 ∼ 80 ◦C 43.
B. The transmission of the probe field. According to the population distribution in Figs. 1(c,d),
the most atoms are populated at the states of |ci〉, |ai〉, and |bi〉 with i = −1, 0,+1. Therefore two
efficient tripod structures are mainly constructed, |b0〉 ↔ |c1〉 ↔ |a1〉 ↔ |b1〉 and |b0〉 ↔ |c−1〉 ↔
|a−1〉 ↔ |b−1〉, and can be the simplified as a tripod model of Fig. 1(a) for further discussion.
With the increase of ToP rate via using high-density (or optically thick) atoms in a high-
temperature vapor, the populations in |a1〉, |b1〉 and |c1〉 are increased. Now we consider the case
of Raman transition from |b1〉 to |b0〉, the signal-field pump atoms from |b1〉 to |c1〉 to stimulate
emission from |c1〉 to |b0〉, resulting in the amplification for the probe. Therefore the increase of
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population in initial Raman state of |b1〉 leads to an efficient SRS with enhancement of amplifica-
tion. On the other hand, the partial increased population in upper level |c1〉 can cause negligible
stimulated emission without absorption in the EIT window. The SRS can be obtained from probe
absorption with relevant optical Bloch equations of coherence terms:
ρ˙b0c1 = i [Ωp (ρb0b0 − ρc1c1) + Ωcρb0a1 + Ωsρb0b1 ]− (iδp + γc1b0) ρb0c1 ,
ρ˙b1c1 = i [Ωs (ρb1b1 − ρc1c1) + Ωcρb1a1 + Ωpρb1b0 ]− (iδs + γc1b1) ρb1c1,
ρ˙a1c1 = i [Ωc (ρa1a1 − ρc1c1) + Ωsρa1b1 + Ωpρa1b0 ]− (iδc + γc1a1) ρa1c1 ,
ρ˙b0a1 = i (ρb0c1Ωc − Ωpρc1a1)− (iδpc + γb0a1) ρb0a1 ,
ρ˙b0b1 = i (ρb0c1Ωs − Ωpρc1b1)− (iδps + γb1b0) ρb0b1 ,
ρ˙b1a1 = i (ρb1c1Ωc − Ωsρc1a1)− (iδsc + γb1a1) ρb1a1 . (2)
Where, two-photon detuning δij = δi − δj (i, j = c,s,p). The state population terms are the values
calculated in Section A. Hence, the probe absorption represented by the imaginary part of steady
state density matrix element ρb0c1 is:
Imχp ∝ − A
A2 +B2
(ρc1c1 − ρb0b0) (3)
− γb1b0E − δpsF
(E2 + F 2)
(
γ2b1b0 + δ
2
ps
)
[|Ωp|2 (ρc1c1 − ρb0b0)− |Ωs|2 (ρc1c1 − ρb1b1)
]
.
A = γc1b0 +
|Ωc|2 γb0a1
γ2b0a1 + δ
2
pc
+
|Ωs|2 γb1b0
γ2b1b0 + δ
2
ps
, B = δp − |Ωc|
2 δpc
γ2b0a1 + δ
2
pc
− |Ωs|
2 δps
γ2b1b0 + δ
2
ps
,
C = γc1b1 +
|Ωc|2 γb1a1
γ2b1a1 + δ
2
sc
+
|Ωp|2 γb1b0
γ2b1b0 + δ
2
ps
, D = −δs + |Ωc|
2 δsc
γ2b1a1 + δ
2
sc
− |Ωp|
2 δps
γ2b1b0 + δ
2
ps
,
E = CA−DB, F = CB +DA.
Where, γb1b0 = γb1a1 = γb0a1 = 9γ
′
ab, γc1b0 = γc1b1 = (Γc1 + 9γ
′
ab) /2. Equation (3) describes
several optical mechanisms: Linear absorption with EIT effect for probe described by the first
term of the right-hand side (3), it can be neglected under EIT condition for δs = δp and for
47
|Ωs|2 ≫ γb1b0γc1b0 . (4)
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The second term represents the stimulated emission and nonlinear absorption, which is pro-
portional to ρc1c1 −ρb0b0 |Ωp|2, and implies the atom absorbs one probe photon to excited state, and
down to ground state, and then absorbs a probe photon to excited state again, involving multi-wave
process. Stimulated emission can be negligible since the probe intensity and population in |c1〉 are
small. Nonlinear absorption could also be eliminated by the third term under conditions of
ρb1b1 |Ωs|2 > ρb0b0 |Ωp|2 . (5)
The probe amplification is represented by the third term, which is exactly the expression of
SRS process pumped by signal field 40. This term of amplification is dominated when the two
conditions (4) and (5) are satisfied simultaneously.
In order to get efficient SRS, both the linear and nonlinear absorption must be eliminated
with the conditions (4) and (5) be satisfied. On the other hand, conditions (4) and (5) constrain in
the lower value of the signal intensity. However the SRS is normally occurred with strong pump,
here, the pump is the signal field.
In our designed tripod-type system with high ToP rate, the higher population in |b1〉 induced
by high ToP rate increases the pump rate and leads to greater reduction in the signal intensity to
attain Raman gain. High gain thus occurs using a low intensity signal field.
For Doppler-broadened system, the driven thermal atoms experience Doppler shifts leading
to the version of Eq. (3) averaged over theMaxwell velocity distribution f (v) = exp (−v2/u2) /u√pi.
k is the input laser wavenumber, v is the atomic velocity along the field propagation direction,
u =
√
2kBTat/M is the most probable atomic velocity (kB is the Boltzmann’s constant, Tat is atom
temperature, andM is the atomic mass). The condition (4) is modified to 47
|Ωs|2 ≫ γb1b0(γc1b0 +WD), (6)
withWD the Doppler-broadening width.
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Considering the condition of Eq. (6), we notice that the higherWD in high-temperature atoms
lets the Eq. (6) be difficultly satisfied with low-intensity signal field. However, in the following,
we show that the strong amplification due to SRS is achieved in high-temperature atomic cell.
Rather, the amplification can not be found in room-temperature atomic cell. We theoretically and
experimentally show good agreement that the high efficient Raman amplification with low signal
pump is obtained with the aid of increased ToP rates in high-temperature atomic cell.
Figures 2(a,b) show the probe transmission spectrum expressed by T = exp [−kLImχp (δp)]
through a length-L atoms with two different ToP rates in different densities or optical depth of
atoms.
As shown in Fig. 2(a) in low optical depth of atoms, two EIT windows is observed. One
window is obtained at one- and two-photon resonances δp = 0 and δpc = 0 for the coupling and
probe fields, which forms a typical Λ-type EIT when the signal field is absent. The second EIT
window is found at single-photon detuning but at two-photon resonance (δp = 10 MHz, δps = 0)
for the signal and probe fields.
Surprisingly, we note here that an amplification in the second EIT window is obtained in
Fig. 2(b) when a large TOP rate is taken into account in high-density atoms. Although the signal
intensity suffices to satisfy condition (6) for the cases shown in Fig. 2, amplification does not exist
in Fig. 2(a) until condition (5) is satisfied as shown in Fig. 2(b). The large ToP rate causes a higher
population in state |b1〉 reaching ρb1b1 ≈ 0.051, which is high enough to satisfy condition (5) for
the case of amplification shown in Fig. 2(b).
We also plot the probe transmission in the theoretical absence of the third term for SRS (see
the blue lines in Fig. 2). Evidently amplification vanishes for both cases of small and of large ToP
rates. Confirming our earlier assertion, amplification is a result of both absorption suppression
at the second EIT window contributed by the first and second terms of Eq. (3) and SRS process
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enhanced by ToP rate, which leads to a population increase of |b1〉 and of |c1〉. Consequently,
increasing population in |b1〉 will make the condition (5) be satisfied at low pump intensity of
signal field, thereby enhancing the SRS pump rate to obtain high gain.
Experiment The experimental implementation of obvious coherent induced amplification is shown
in Fig. 3. We perform the experiment in a 75-mm-long 133Cs vapor cell with anti-Reflection (AR)
coated end windows. The cell is wrapped with three layers of µ-metal cylinder to shield the stray
magnetic field. The coupling, signal and probe lights are from separated diode laser sources, driv-
ing the atomic transitions (as shown in Fig. 1) and co-propagating through the vapor cell with
a small angle about 7 mrad. The vertically linearly polarized coupling and signal lights are all
frequency stabilized using their own interlock controller systems. The horizontally linearly po-
larized probe light is frequency scanned over the atomic resonance to measure the absorption
spectrum as well as the Doppler-broadened absorption profile. The coupling, signal and probe
powers are Pc = 30 mW, Ps = 10 mW and Pp = 20 µW, corresponding to the Rabi frequen-
cies Ω = αΓc1
√
(P/pir2)/2Isat of 23 MHz, 7 MHz and 1 MHz for the beam radius r of 1 mm,
0.5 mm, and 0.5 mm, respectively (α is C-G coefficient, Isat = 2.5 mW/cm
2 is saturated inten-
sity 43). The probe absorption is measured via observing the probe transmission spectra, which is
inversely proportional to exponential function of absorption, and evaluated as the value of trans-
mission intensity of probe over the input intensity at far-detuned frequency. The transmission T
with the value smaller than 1 shows the absorption property, while the larger than 1 of T means
the amplification gain g.
We show probe transmission vs probe detuning in Figs. 2(c,d). We see two EIT peaks
within the Doppler-broadened background dip in Fig. 2(c) under two-photon resonance conditions
δp = δc = 0 for hyperfine coherence and δp = δs = 10 MHz for Zeeman coherence in a room-
temperature vapor cell with optical depth OD ≈ 1.5. Compared with typical EIT in a Λ system
without signal as shown in Fig. 2(c) (also shown in the inset), EIT enhancement for two-photon
resonance δp = δc = 0 is readily apparent due to the second transparency. It also demonstrates the
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enhancement of Zeeman coherence of EIT, the linewidth of which is narrower than that of EIT for
only applied signal and probe fields in an open degenerate two-level system, in which the broad
background transmission EIT peak is introduced by both the optical pumping and saturation ef-
fects 48, 49.The theoretical results In Fig 2(b) show the transmission of the first EIT is nearly 1, while
the experiment has only ¡0.5 in Fig. 2(d). The difference occurs mainly due to the linewidth of
driving fields, atomic decoherence and diffusion, which is not considered in theoretical model 50. It
is noted that the Zeeman EIT has lower OD, because it is observed in an open degenerate two-level
system, in which the broad background transmission EIT peak surrounding an electromagnetically
induced absorption (EIA) effect is introduced by both the optical pumping and saturation effects.
We increase the temperature of the vapor cell to Tat = 65
◦C with high atomic density or
higher OD ≈ 18, which supports high ToP rates. As shown in Fig. 2(d), an amplification peak at the
second window of EITs within highly absorbed Doppler-broadened background is then obtained. It
is also shown in the inset of Fig. 2(d) that the spectral width of the gain is 1.7MHz, and is narrower
than the spectral width of EIT due to highly nonlinear process with strong coherence. The spectral
width depends mainly on the quantum coherence of atoms and nonlinear effects determined by
the Raman pump intensity and Raman detuning. This gain observation supports our theoretical
prediction that higher ToP rates in higher temperature atoms lead to amplification due to increasing
population in |b1〉, which satisfies the condition (5) for amplification. Compared with the case of
room temperature atoms in Fig. 2(c), in which amplification does not occur i.e., the condition (5)
is not reached, the larger Doppler widthWD in higher temperature atoms makes the condition even
be difficult to reach unless the population in |b1〉 is highly increased.
Now we show that increasing temperature can increase the ToP rate, thereby increasing pop-
ulation in |b1〉 to get higher probe gain. Fig. 4(a) shows the increase of gain with increasing atom
temperature in the region of 60 ∼ 70◦C, surrporting the effect of ToP rates on the amplification.
The experimental data show good agreement with the theoretical prediction in the solid line for
60 ∼ 70◦C. Further increase of temperature from 70 to 80◦C reduces the gain. The experimental
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results over 70◦C can not fit the theoretical calculation, since in higher dense atoms, ToP leads to
the nonlinear term of Eq. (5) be easy satisfied while it weaken the EIT condition of Eq. (6) due to
increasing of γb1b0 andWD, the values of which may be inexactly estimated, and the other effects
e.g., the inhomogeneous dephasing and collisional loss in dense atoms are also neglected in theory.
We can also increase the Rabi frequency of pumping-signal field to overcome this trade-off effect,
see the black squares in Fig. 4(a).
The amplification is induced by quantum coherences and SRS precess. The efficiency or
gain depends not only on the ToP rate but also on quantum coherences, e.g., Zeeman coherence
between ground levels |b0〉 and |b1〉, which is mainly determined by experimental parameters, such
as spontaneous decay of the upper level, collisions between the atoms, and the phase and frequency
stability of the laser fields, and can be improved experimentally by using phase-locked signal and
probe fields from a laser beam split by a beam splitter 51. In Fig. 4(b), we compare the probe gain
vs the signal detuning using independent (black) and phase-locked (blue) signal and probe, which
is scanned 60 MHz by double passing two acousto-optical modulators during the measurement.
As shown in Fig. 4(b), the gain is significantly improved by using phase-locked laser system, e.g.,
the maximum gain g = 20 at δp = δs = 10MHz, which is three times higher than g = 6.5 obtained
with the independent laser fields, thereby showing the important contribution of Zeeman coherence
on gain experimentally.
Moreover, Fig. 5(a) shows increased gain as signal power increases as expected from the third
term in Eq. (3) and Eq. (5) for SRS process. Increasing signal power could yield more gain, but,
in practice, the maximum diode-laser output power limits the ability to achieve high signal power.
Gain also increases with the increased coupling power, as shown in Fig. 5(b), coupling power as
low as 5 mW (equivalent to Ωc = 8 MHz ensures an EIT condition) enables observation of gain,
but a power as high as 30 mW optimizes gain in our system. The pump depletion effect stops the
gain from rising when Pc > 30 mW. This amplification scheme does not need an intense pumping
field for high-gain observation. Figure 5(b) shows that high gain of g = 80 can be obtained with
11
only 30 mW coupling and signal fields.
Discussion
In summary, by combining quantum coherence and SRS in multi-field-coupled atomic system with
high spin-exchange collision-induced ToP rates, the controllable high-gain amplification near an
atomic resonance was demonstrated with low pump power. This study has potential applications
in all-optical components of transistor, diode, switch and nonclassical resource for quantum com-
munication network.
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Figure 1: (a) The simplified field-atom system. Green, blue and black lines designate the
coupling, pumping-signal and weak probe fields, respectively. (b) Population ρkk vs γ
′
ab. Dash-dot
(pink), dash (blue), solid (red) and dot (black) curves for ρb0b0 , ρb1b1 , ρa1a1 and ρc1c1 , respectively.
The inset is the expanded view of ρb1b1 , ρa1a1 and ρc1c1 . (c,d) The Zeeman sublevels with ToP rate
γ′ab: 20Hz (c) and 300Hz (d). Other parameters are: Γc1 = 4.6MHz, Ωc = 20MHz, Ωs = 8MHz,
δc = 0, δs = 10MHz, γ
′
aa = γ
′
bb = 20 Hz.
Figure 2: The probe transmission spectra. (a,b) for theoretical simulation with (a) N =
5 × 1010 cm−3, γ′ab = 20 Hz, γb1b0 = 340 Hz, (b) N = 5 × 1011 cm−3, γ′ab = 300 Hz, γb1b0 =
2.86 kHz. Other parameters are the same as those in Fig. 1; (c,d) for experiment at (c) room
temperature, (d) Tat = 65
◦C. Red, gray and black curves for DEIT, hyperfine coherence of EIT
when the signal is absent and Zeeman coherence of EIT without the coupling.
Figure 3: Experimental sketch. The weak uniform magnetic field B along the y-direction
is applied to define the quantization axis. PBS: polarizing beam splitter, PD: photodetector. l
denotes the linear polarization.
Figure 4: Gain at δps = 0 vs (a) Tat for different Ps: 10 mW (blue circles), 20 mW (black
squares); and (b) δs with phase-locked (blue) and independent (black) signal and probe fields.
(a) The atomic density is 4 ∼ 10 × 1011 cm−3 with ToP rate 240 ∼ 600 Hz, δp = 10 MHz;
(b) Tat = 65
◦C. Other parameters are the same as those in Figs. 2(b,d). The solid line represents
the theory.
Figure 5: (a) Gain vs Ps for Pc = 30 mW; (b) Gain vs Pc for different Ps: 30 mW (blue
circles), 20 mW (black triangles), and 10 mW (pink squares). Other parameters are the same as
those in Fig. 4(b). Solid curve is the theoretical predication.
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